The phenotype of specialized cells arises, in part, from their characteristic gene expression patterns. Retinal ganglion cells (RGCs) are of wide interest in neuroscience and die in glaucoma and other optic neuropathies. In this study the genes expressed by RGCs were profiled by expressed sequence tag (EST) analysis. METHODS. ESTs were generated from a cDNA library constructed from RGCs isolated by immunopanning. The RGC genes were compared with published microarray expression profiles from 13 different neural regions. Immunohistochemistry was performed by standard methods. RESULTS. Clustering of 4791 RGC ESTs identified 2360 unique gene clusters. Of these, 60% represented known genes, 27% uncharacterized genes/ESTs, and 13% novel sequence. Unexpectedly, one of the largest RGC clusters, RESP18, corresponded to a neuroendocrine-specific gene preferentially expressed in the hypothalamus. RESP18 immunoreactivity within the retina was found mainly in the RGC layer. DDAH1, a gene involved in nitric oxide metabolism, was localized to RGC and amacrine layers. Comparison of gene expression patterns across neuronal regions revealed a prominent subset of RGC genes that were overexpressed in dorsal root and trigeminal ganglia. To narrow the search for candidate disease-related genes, RGC genes were mapped to known disease loci for optic neuropathies. CONCLUSIONS. This work is one of the first efforts to profile gene expression in a purified population of retinal neurons, the RGCs. The profiling, in addition to revealing both known and novel genes underlying the RGC phenotype, also uncovered common patterns of gene expression between RGCs and other sensory ganglia. (Invest Ophthalmol Vis Sci.
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etinal ganglion cells (RGCs) perform the final steps of retinal vision processing before carrying the visual signal to higher centers in the brain. The death of RGCs is a common cause of visual disability, most often occurring from glaucoma, a leading cause of irreversible blindness in developed countries and worldwide.
1,2 RGC death also occurs in many other optic neuropathies, which can be of environmental and/or genetic origin, with inheritance patterns ranging from mitochondrial to autosomal dominant. RGCs are widely used as a model system for neurobiological studies of development, trauma, and neuronal degeneration and regeneration. Thus, knowledge of RGC functions is important to the understanding of many neuronal processes.
The behavior of RGCs, and of all cells on a fundamental level, arises in large part from the specific distribution of genes that the cells express. Relatively little is known about the genes expressed by RGCs. Gene expression studies have been performed on the retina as a whole, 3 using a variety of methods, including expressed sequence tag (EST) sequencing, 4 -6 serial analysis of gene expression (SAGE), 7, 8 and microarrays. 9 -13 However, the retina is a complex tissue composed of neuronal, glial, and vascular cell types. The dominant cell type of the retina is the photoreceptor, with RGCs comprising 5% or less of all retinal cells. 14, 15 Thus, gene expression profiles from whole retina are unrepresentative of RGC gene expression. Previous efforts to identify the complete picture of retinal gene expression may have missed important RGC genes, due to the low relative frequency of RGCs and, hence, their mRNA transcripts.
Efforts to document gene expression of specific cell types in the eye have used EST sequencing from libraries derived separately from lens, iris, and retinal pigment epithelium-choroid. 4 Similarly, optic nerve astrocytes isolated from human retina have been studied with microarrays. 16 Efforts are currently underway to identify the expression pattern of single retinal cells. 17 Gene expression profiling has been undertaken for different subregions of the brain 18 -25 and auditory system, 26 with the use of message amplification for cells microdissected individually 20, 22, 27, 28 or purified by fluorescence-activated cell sorting. 29 We describe herein an initial gene expression profile of rat RGCs that were separated from other cell types by immunopanning. RGCs purified by this method have provided information on the interactions that govern RGC physiology and development. 30 Through EST sequencing of a cDNA library prepared from purified RGCs, we found expression of both known and novel genes and have begun further investigation of how these genes relate to RGC function.
MATERIALS AND METHODS

RGC cDNA Library
All experiments were conducted with adherence to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. RGCs from postnatal day (P)21 Sprague-Dawley rats (Simonsen Laboratories, Gilroy, CA) were purified by sequential immunopanning using a monoclonal antibody to Thy1.1, by a method that has been reported to yield approximately 99% purity. 30 -33 Briefly, whole retina tissue was removed from rats from four litters, incubated in a papain solution, dissociated into single-cell suspension, and subjected to negative selection with anti-macrophage antiserum (1:100; Axell Accurate Chemical and Scientific Corp, Westbury, NY) to remove macrophage and endothelial cells. Remaining cells were then placed on panning plates containing Thy1.1 antibody, and unbound cells were removed with washing. RGCs were released after incubation with a trypsin solution. RGCs were cultured overnight on poly-D-lysine (Sigma-Aldrich) and laminin (Invitrogen-Gibco, Grand Island, NY), in serum-free defined medium, as described. 31, 32 The yield of RGC cells was between 50% and 70%, with a survival of more than 90%. 31 Total RNA was extracted and confirmed to be intact by denaturing gel electrophoresis. The total RNA was reverse transcribed, and a nonnormalized, nonsubtracted cDNA library was constructed from 1 g total RNA using SMART technology and 16 rounds of PCR amplification (BD Biosciences-Clontech, Palo Alto, CA). This method is based on template-switching at the 5Ј end of the mRNA transcript, with binding of an anchor sequence that can serve as a priming site for PCR. The cDNA was then size fractionated and ligated into pDNR-LIB plasmid (BD Biosciences-Clontech). Escherichia coli (Electromax DH10B; Invitrogen, San Diego, CA) was transformed by electroporation and grown for 1 hour in SOC medium without further amplification. Clones were plated and randomly chosen for 5Ј sequencing (Michigan State University Genomics Facility, East Lansing, MI, or Integrated Genomics GmbH, Jena, Germany). RGC EST sequences were submitted to the National Center for Biotechnology Information (NCBI; accession numbers CF974889 to CF9749532).
EST Sequence Clustering
Our clustering procedure consisted of two steps. First, the CAP3 sequence assembly program 34 was used with stringent criteria: overlap length of 200 bp and sequence identity percentage of 95% (command line options: -o 200 -p 95). Then, the sequence clusters resulting from the CAP3 program were aligned against the rat, mouse, and human Reference Sequence Project (RefSeq) databases 35, 36 with BLASTn.
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The e-value cutoff for the alignment was defined as 1e-50. The clusters aligning to the same RefSeq sequence were further merged into one cluster. The remaining clusters were then aligned against the rat, mouse, and human UniGene 38 and genomic databases with BLASTn at an e-value defined as 1e-20 and then further aligned with BLASTx alignment at an e-value cutoff of 1e-5.
Cluster Annotation
All clusters were annotated to RefSeq preferentially 35, 36 and otherwise to UniGene. Rat, mouse, and human RefSeq were used as complementary annotation resources. If a cluster aligned to a RefSeq from a different species than rat, the RefSeq with lowest e-value alignment was selected as the annotation for the cluster. In cases in which the alignments between a cluster and a RefSeq from different species yielded the same e-value (e.g., e-value ϭ 0.0), the priority order of annotation was ratϾmouseϾhuman.
dbEST Search
The sequences without a RefSeq or UniGene match were further aligned against rat, mouse, and human database for ESTs (dbEST) 39 with the same e-value cutoff (1e-20) applied.
Comparative Gene Expression Clustering
The RGC genes used for hierarchical clustering composed the subset of RGC clusters represented in the microarray data compiled by Su et al. 19 (http://expression.gnf.org/cgi-bin/index.cgi, Gene Expression Atlas, Genomics Institute of the Novartis Research Foundation, San Diego, CA) from 13 different neural regions. Replicate array data available for each region were first averaged. The Cluster and TreeView programs developed by Michael Eisen (http://rana.lbl.gov/EisenSoftware. htm; provided in the public domain by Eisen Lab, Lawrence Berkeley, national Lab, University of California at Berkeley) were then used for clustering and visualization, respectively. Both genes and neural regions were normalized by median centering and filtered for genes with expression in at least one neural region. Negative expression levels were set to zero. The parameters used for clustering were "absolute correlation" and "average linkage clustering."
Disease Loci
All sequence clusters were mapped to the human genome with an mRNA alignment program, SPIDEY. 40 The program was run with the interspecies alignment option on. The clusters falling into the disease loci were identified as disease candidate genes.
Immunohistochemistry
Eight-micrometer paraffin sections of rat retina were collected onto slides (Superfrost Plus; Fisher Scientific, Pittsburgh, PA) before immunolabeling by the streptavidin-biotin peroxidase method (Vector-SG detection kit; Vector Laboratories Inc., Burlingame, CA). Primary antibody was to RESP18 (a gift from Betty Eipper, University of Connecticut Health Center, Farmington, CT) or DDAH1 (a gift of Milan Vašák, Department of Biochemistry, Universität Zürich, Zürich, Switzerland). Negative controls included nonimmune serum of the same species as the primary antibody, or preimmune serum at the same protein concentration, or incubation buffer alone. Labeled sections were mounted in glycerol jelly and viewed by Nomarski optics (Axioskop; Carl Zeiss Meditec, Thornwood, NY).
RESULTS
RGC Library Clones: Known and Novel
A nonnormalized, nonsubtracted cDNA library was constructed from purified postnatal day (P) 21 (1408) represented known genes in the sense that they matched genes categorized in the NCBI Reference Sequence Project (RefSeq) sets for rat, mouse, and human genes. For the remaining 952 clusters a less stringent homology search was performed using UniGene for rat, mouse, and human. Approximately 60% of these clusters (n ϭ 565) matched to UniGene clusters. Of the other 301 clusters, 92 matched to previously submitted EST sequences in dbEST. For each of the RGC clusters that matched only to otherwise unclassified dbEST ESTs, the tissue of origin of the matching dbEST ESTs was identified (Supplemental Table 1 ), to serve as a rough indication of the tissue types that express the gene.
The next step in the partitioning of RGC genes involved the 209 RGC clusters that had no match in the EST database by BLASTn. To characterize these remaining clusters further, and to select those most likely to represent rarely transcribed sequences, we aligned the clusters against the rat genome using BLAST. This alignment demonstrated that 82 of the clusters possessed two or more discontinuous areas of alignment on the genome, as would occur for exons of transcribed genes. In agreement with this, most of these sequences, 73%, could be readily amplified by PCR. Of these 82 clusters with intronexon structure, 74 showed no homology in the protein database or matched to predicted-theoretical protein records.
Library Representation of RGC Gene Expression
The distribution of RGC gene cluster size is shown in Figure 1 . Most (77%) of the ESTs had no significant sequence overlap with other RGC ESTs,and so were in a cluster of size 1, as reflects the fact that most cellular mRNAs are expressed at low levels. As cluster size increased, the number of clusters at each increasing size was fewer, in an exponential-like decline, reflecting the fact that a smaller percentage of cellular genes are expressed at moderate levels, with fewer still expressed very highly. Though genes that are very highly expressed are few in number, they still account for a relatively large percentage of total mRNA produced by a cell, with the 10 largest RGC gene clusters containing approximately 500 of the 4791 total ESTs sequenced, or nearly 10% of the total (Table 1) . We observed a strong inverse correlation between cluster size and the percentage of clusters that represented an unknown EST. For singleton clusters, as mentioned earlier, approximately 40% were ESTs. As cluster size increased, the percentage of ESTs decreased, from 32% for cluster size 2, to 16%, 8%, 6%, and 0% for cluster sizes between 3 and 6 or more, respectively.
Highly Expressed RGC Genes
Gene function assignments were made for the 100 most frequently sequenced RGC genes ( Fig. 2 ). For this purpose, each gene was assigned to a single main category. Despite being highly represented, some genes have poorly understood functions. Nevertheless, functional assignments were possible for most genes in this group. The protein modification enzyme ubiquitin was the single most frequently sequenced RGC gene, second only to the combination of mitochondria-encoded proteins. Of the 13 proteins encoded by the mitochondrial genome, 12 were sequenced from the RGC library ( Table 2 ). The number of ESTs encountered for each of these genes varied greatly, from 18 for the largest cluster (ATP synthase F0 subunit 6) to NADH dehydrogenase subunit 3, which was not encountered at all. Mitochondrial mutations lead to selective RGC death in Leber's optic neuropathy, suggesting that mitochondrial gene expression levels may be particularly important in ganglion cell function. We therefore compared the cluster size found in the RGC library for each mitochondria-encoded gene to the cluster size in a non-normalized, nonsubtracted cDNA library (dbEST library ID.8847) from rat dorsal root ganglia, a cell type with similarities to RGCs that does not significantly degenerate in Leber's optic neuropathy. Although our sample size was small, there was a good overall correlation between cluster sizes for the mitochondria-encoded genes in the two cell types (R 2 ϭ FIGURE 1. Cluster analysis for 4791 RGC ESTs. The histogram groups the EST clusters by size, from clusters made of only 1 EST sequence, to clusters containing 34 or more overlapping ESTs that collectively represent a single expressed sequence. Most (77%) of the ESTs had no significant sequence overlap with other RGC ESTs and so were in a cluster of size 1. As cluster size increased, the number of clusters at a given size decreased exponentially, reflecting the fact that fewer cellular genes are expressed at moderate and high levels. The largest gene clusters from the RGC library, as defined by number of ESTs sequenced from the library in each cluster. Cluster size is indicated in parenthesis next to the gene name. 0.4; Fig. 3 ), and thus no evidence of large differences in expression levels of mitochondria-encoded genes between RGC and DRG cells.
Also highly expressed in RGC cells were glycolytic and citric acid cycle enzymes, including malate dehydrogenase, lactate dehydrogenase, aldolase C, and aldolase A. These proteins are also highly represented in SAGE results from brain and retina, 7, 8 and represent large clusters in UniGene, reflecting broad expression in many different tissues. Calcium-binding proteins were frequently encountered in the library, including calmodulin-1, -2, and -3; calretinin; calpactin 1; and calcyclin. Antioxidant genes were also prominent, including peroxiredoxin, glutathione S-transferase, and the poorly characterized selenoprotein W. After the five most represented functional categories (energy, protein synthesis/modification, lysosomal/ vesicular, synaptic function, cytostructure), the next largest group was ESTs without known function.
Photoreceptor-specific genes are among the most frequently encountered ESTs in cDNA libraries made from whole retina, whereas in contrast in the RGC ESTs they were almost entirely excluded. For example, no ESTs were encountered for rhodopsin, transducin, or rod photoreceptor cGMP phosphodiesterase subunits. Similarly, no clones were encountered in the RGC library for Müller cell genes, such as cellular retinaldehyde-binding protein (CRALBP), vimentin, or glutamine synthase.
Neural-and Disease-Associated Gene Expression in RGCs
Surprisingly, a neuroendocrine-specific gene with poorly understood function, RESP18, was one of the most frequently encountered genes in the RGC library. We used immunohistochemistry to correlate RESP18 message found in the library with protein expression in the retina, and to localize its cellular expression pattern. RESP18 immunoreactivity was observed mainly in the RGC layer, with faint labeling of the inner plexiform layer and inner nuclear layer (Fig. 4) . Staining was present mainly in cell bodies, in a perinuclear distribution consistent with its previously identified localization to the lumen of the endoplasmic reticulum. 42 The functions of the remaining RGC clusters were then examined for genes that might be involved in pathways particularly important to RGC disease. One of the singleton genes, DDAH1, has been investigated for its involvement in nitric oxide metabolism [43] [44] [45] [46] and neuronal injury. We found immunoreactivity for DDAH1 to be present in RGC and amacrine cell layers (Fig. 5) . The sublaminae of the inner plexiform layer were particularly intensely immunoreactive, as was the retinal pigment epithelium.
Comparative Gene Expression Profiling of RGC Genes
Just as knowing which genes are expressed by RGCs should be informative of cell function, knowing the different neuronal types that express a gene should be informative of gene function. We therefore sought to determine where else in the nervous system genes expressed in RGCs were also expressed. Using hierarchical clustering to visualize expression patterns (Fig. 6) , we compared our RGC data set to gene expression profiles generated using oligonucleotide microarrays from 13 separate neuronal regions 19 (http://expression.gnf.org/cgi-bin/ Mitochondria-encoded genes found in RGC library, in order of cluster size. Of the 13 proteins encoded by the mitochondrial genome, clones representing 12 were sequenced (no clone was encountered for NADH dehydrogenase subunit 3). index.cgi). Of the 2360 RGC gene clusters, 959 were represented on these arrays, with 89% (851/959) showing positive signal in at least one neural area. A major resultant feature of the clustering was a subgroup of 24 genes relatively overexpressed in both dorsal root and trigeminal ganglia (Fig. 6 , large oval). These sensory ganglia overexpressed genes, along with numerical expression level data are shown in Table 3 . Hierarchical clustering was also performed across neural regions, as indicated by the tree structure. For the subset of genes expressed in retinal ganglion cells, the dorsal root and trigeminal ganglia were more closely related to each other than to the other neural regions.
To further explore the prominent RGC expression of RESP18, we focused on the smaller subset of RGC genes shown through clustering to be overexpressed in hypothalamus (Fig.  6 small oval, Table 4 ). One of these genes, necdin, has been reported to be overexpressed in hypothalamus, 47 ,48 whereas another, secretogranin 2, has known neuroendocrine functions. Necdin is thought to play a role in cell cycle arrest in terminally differentiated neurons, and secretogranin 2 is one of the chromogranin family of proteins, involved in secretory granulogenesis and the sorting and processing of secretory proteins.
Candidate Optic Neuropathy Genes Expressed by RGCs
To aid in candidate gene approaches to finding optic neuropathy-associated genes, we mapped the RGC genes to syntenic regions of the human genome associated with the optic neuropathy-associated loci GLC1B, 49 GLC1C, 50 GLC1D, 51 GLC1F, 52 OPA2, 53 OPA4, 54 WFS2, 55 SCABD, 56 and ARTS
57
( Table 5 ).
DISCUSSION
We have established an initial gene expression profile of purified rat RGCs through the approach of EST sequencing. This has allowed us to ascribe to RGCs the expression of a large number of known and novel genes. Several hundred novel sequences were identified from our sampling of only a minority of total genes expressed by RGCs, suggesting that we still have much to discover about RGC gene expression, especially about those genes expressed at low levels. Although novel sequences from cDNA libraries are often described as ESTs, the term has certain limitations. For example, it does not distinguish rare novel sequences from more common sequences that are as yet unnamed. We therefore undertook a more detailed analysis of RGC gene clusters based on the full information available in NCBI databases. The RefSeq collections represent stable, curated databases of genes that have been documented at a higher level of certainty than those found in other experimental gene collections such as UniGene. The RGC genes that matched RefSeq entries were therefore considered known genes for this analysis. It is important to note, however, that most genes in RefSeq remain largely uncharacterized and that some characterized genes have not, at present, been included in RefSeq. The UniGene sets are based on automated partitioning of EST data into an experimental set of unique genes, based on sequence alignment combined with evidence of polyadenylation. Thus, in general, the RGC genes that matched to UniGene, but not to RefSeq, represented genes that are poorly characterized, possibly because of low expression levels. Those RGC sequences so rare as not to be found even in UniGene may represent transcripts of particular interest for future study.
The RGC clones were randomly selected and sequenced from a non-normalized, nonsubtracted cDNA library. This methodology can provide approximate information about the relative expression level of genes, but must be considered with caution in this instance because PCR was used in library construction to compensate for the limited quantity of RGC RNA. 
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Several observations suggest that the rank ordering of genes we obtained may still be a useful representation of RGC gene expression levels: (1) In general, within any population of total mRNA, a small number of genes are highly abundant, with each of their individual mRNAs accounting for up to 1% of total cellular mRNA transcripts. For example, rhodopsin transcripts account for 1% or more of total retinal mRNA, and it is often the case that the 10 most highly expressed genes in a tissue account for approximately 10% of total mRNA. Such a distribution of highly expressed genes was encountered in this library, and included polyubiquitin and tubulin, among other genes expected to be highly expressed. (2) Along these same lines, nearly all genes in a tissue are of medium (0.1%-1%) or low abundance (0.1% or less of total mRNA). 58, 59 Single EST sequences represented 77% of clusters in the RGC library, and the overall cluster size distribution was similar to that of a non-PCR amplified retinal cDNA library 11 as would be expected if the RGC library also contained a sampling of low-, medium-, and high-abundance mRNA species. (3) Mitochondria-encoded genes were expressed in the RGC library at ratios similar to levels in a non-PCR amplified library from dorsal root ganglion cells (Fig. 4) . Lastly, (4) a strong correlation was present between RGC cluster size and the likelihood of the cluster's representing a known gene, as would be expected if highly expressed genes are more likely to be known, whereas low expression level genes are more likely to be unstudied ESTs.
Within the 35 genes most frequently sequenced from the RGC library (Table 1) , a surprising number have poorly understood functions, and/or have not been studied in the retina. One of these for which there is some interesting information available is RESP18, which is expressed in endocrine and neural cells that secrete peptide hormones 60, 61 and is suggested to be involved in intracellular signaling pathways. 62 In the brain, expression of RESP18 is limited to very specific regions, including the paraventricular and supraoptic nuclei of the hypothalamus, and the neurointermediate and anterior lobes of the pituitary. RESP18 is homologous to a region of the luminal domain of neuroendocrine-specific receptor-type protein tyrosine phosphatases and appears to be involved in intracellular signaling from the Golgi to the nucleus. 62 We speculate that further study of RESP18 may uncover a group of functionally interrelated genes that act within similar pathways in RGCs and the small subset of specialized neurons that preferentially express this gene.
Most mammalian genes remain poorly characterized, and similarly most of the genes we identified as singletons in the RGC library remain poorly characterized, both in general and in the retina. We selected DDAH1 for further study based on its involvement in nitric oxide metabolism, which has been particularly implicated in glaucomatous RGC death. [63] [64] [65] [66] Also of interest, DDAH1 is increased in neurons with neurofibrillary tangles in Alzheimer disease 67 and in neuronal trauma.
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DDAH1 hydrolyzes arginine residues that are asymmetrically methylated and endogenously generated. Such residues are competitive inhibitors of all three isoforms of nitric oxide synthase (NOS). Thus, inhibiting DDAH1 leads to decreased NO synthesis. This action may provide a therapeutic avenue for modulating NO levels in disease. The observation that DDAH1 is present both in the RGC and amacrine cell layers, as well as in multiple sublaminae of the inner plexiform layer, suggests a role for DDAH1 in ganglion and amacrine cell signaling. 18 using oligonucleotide microarrays. Hierarchical clustering is shown of the microarray output from the resultant 851 genes present in both ganglion cell and microarray data sets. Mean-centered normalization was applied across rows, so that red represents expression higher than average across the neural regions and green represents below average expression level. Overall brightness represents microarray signal intensity. Genes with similar expression patterns across neuronal areas are placed in proximity to each other. Genes relatively overexpressed in both dorsal root and trigeminal ganglia are indicated by the large oval and genes relatively overexpressed in hypothalamus are indicated by the small oval.
2508 Farkas et al. IOVS, August 2004, Vol. 45, No. 8 Several of the genes most frequently sequenced from the RGC library have been found to change expression in RGC injury. Synuclein gamma is increased in retinal glial cells in human glaucoma. 69 In an optic nerve crush model of ganglion cell death, stathmin showed reduced expression, whereas malate dehydrogenase and heat shock protein cognate 70 were both increased. 70 Human genetic studies have identified several loci for inherited optic neuropathies. Candidate gene approaches to finding the specific gene causing these RGC diseases will be aided by knowledge of which genes in mapped loci are in fact expressed by RGCs (recognizing that a gene causing RGC death need not be expressed by RGCs). Of the RGC-expressed genes in these regions (Table 5) , those known to be involved in neuronal degenerations or that are specifically expressed in neurons may be stronger candidates for RGC disease. Thus, the OPA4 region contained an "EST similar to ELAV (Embryonic lethal abnormal vision)-type RNA-binding protein 3" as annotated by NCBI. The ELAV family of genes is essential for Drosophila visual system development, and autoimmunity to these proteins can cause encephalomyelitis with sensory neuropathy. 71 Also within the OPA4 region was Ras-like without CAAX/Rin/Rit2, a small guanosine triphosphate (GTP)-binding protein that is expressed exclusively in neurons and in the retina is found only in ganglion cells and in the inner nuclear layer. 72, 73 The GLC1D region similarly contained a neuronrestricted gene, potassium channel alpha subunit (Kv8.1). This gene has been analyzed in a positional candidate approach for adult familial myoclonic epilepsy, but without findings of pathogenic changes. 74 One way to understand how the genome influences cell function is to compare the gene expression profiles among different cell types. This approach is amenable to high-throughput methods, such as EST sequencing, microarrays, and SAGE, Data are derived from hierarchical clustering of genes found in the RGC library that were also present in gene expression data derived by microarray analysis of 13 different neural regions. Data are non-normalized signal intensities from the microarrays (Affymetrix, Santa Clara, CA), except for assignment of zero to negative values. Cer, cerebellum; Olf, olfactory lobe, AMG, amygdala; DRG, dorsal root ganglia; Trig, trigeminal ganglia; Cort, cortex; Stri, striatum; Sp-u, upper spinal cord; Sp-l, lower spinal cord; FroC, frontal cortex; Hip, hippocampus; Hyp, hypothalamus. Shown in bold are RGC genes overexpressed in both dorsal root and trigeminal ganglia. and is particularly useful for gaining an initial insight into the roles of the large number of mammalian genes for which no detailed studies have been undertaken. In general, genes that are expressed at high levels in one neuronal type, but not in others, are likely contributors to phenotypic differences. In contrast, genes expressed at similar levels across neuronal subtypes might be expected to perform general cellular or neuronal functions and not to have a large role in establishing phenotypic differences. We examined the expression profile of the RGC genes in 13 different neural regions, as determined by the oligonucleotide microarray analysis of Su et al. 19 It is known that RGCs and other sensory ganglia such as the dorsal root and trigeminal ganglia share transcription factors such as the Brn-3 family. 75 As a consequence, it has been proposed that these neurons share similar genetic regulatory hierarchies. 75 Consequently, it might be expected that the cells would show downstream gene expression patterns with some significant similarities. This, in fact, appeared to be the case, with hierarchical clustering of gene expression revealing a pattern of RGC genes that were preferentially expressed in both the dorsal root and trigeminal ganglia. Several of these genes were among the largest RGC clusters, including tubulin, synuclein gamma, stathmin-like 2, and HSC70. Ion channels were also prominent in this group, including chloride intracellular channel 1, annexin 5, calpactin 1, and aquaporin 1.
There are many RGC subtypes, some of which have properties such as photoreception that set them apart from others. 76 -78 This suggests that diversity will be found in gene expression patterns, even among RGCs, and highlights the need for increasingly stringent cell-type separations for future gene expression studies. The method of RGC purification used in the present study did not specifically bias against particular RGC subtypes, and the yield and survival of RGCs suggests that a fairly representative sample of RGCs was obtained. As a consequence, those subtypes present in small numbers, such as photoreceptive RGCs, would have made little contribution to the overall gene expression profile obtained. It is important to consider that gene expression patterns can vary greatly between seemingly similar samples, even controlling for such factors as genetic background, age, sex, and environment. 79 The RGC population examined in the current study was collected at a single time point in the midmorning, and the expression of some genes may be altered at different circadian time points, for example. Similarly, the specific conditions during RGC purification and overnight culture probably affected the expression levels of some genes. Thus, instead of a single, static gene expression profile defining a cell type, it appears that a range of profiles, when combined, better illustrates the more dynamic nature of transcriptional control of cellular phenotype. 
